the recovery stage to revert back to being flexed during the catch stage. In a 2,000 m rowing competition more than 200 stokes are performed. It is therefore necessary to accurately and efficiently perform the four stages with consistency (Smith & Loschner, 2002) . To create optimal rowing motions with the continuous stages harmoniously connected, equipment such as the blade's handle, seat, and stretcher and the rower's body segments must interact with each other (Baudouin & Hawkins, 2002; Holt, Bull, Cashman, & McGregor, 2003) . In addition to muscular power and muscular endurance, the spine and trunk play an important role in transferring the power generated by the arms and legs to the blade (Holt et al., 2003; Lamb, 1989; Roy, De Luca, Snyder-Mackler, Emley, Crenshaw, & Lyons, 1990) . Although leverage of the blade and fluid mechanics system affects the power transferred to the blade, the completion of the entire movement depends on the rower's strength and his/her ability to optimize its application, and thus more accurate stroke training and feedback are necessary.
In kinematics and motion mechanics studies regarding rowing movements, conformity, timing, balance, and rhythm were suggested as the main factors improving athletic performance of rowing (Martin & Bernfield, 1979; Asami, Adachi, & Yamamoto, 1981; Schneider & Hauser, 1981; Nelson & Widule, 1982; Smith & Spinks, 1995; MacFarlane, Edmond, & Walmsley, 1997; Smith & Loschner, 2002; Barrett & Manning, 2004; Baudouin & Hawkins, 2004; Buckeridge, Bull, & McGregor, 2015) .
These study results indicate that since rowing is a sport of many rowers racing on one boat, synchronicity of the motions among rowers must be studied, as well as comparisons of stroke motions between professional and amateur rowers and understanding the major joint movements of elite rowers to offer better feedback to the rowers. Therefore, this study investigated the kinematic movement of the upper and lower limb joints during the rowing stroke movement of professional and non-professional players with three different speeds, in order to provide more precise information for sports scientists and on-site coaches to offer feedback and training in optimal rowing motions.
II. METHODS

Subjects
In this study, both professional and non-professional rowers without any medical history or musculoskeletal disease of the upper and the lower limbs were selected as experimental subjects. Two heavyweight rowers with more than 8 years of experience registered in the Korean Rowing Association participated as subjects of the professional rower group, and two heavyweight healthy adults without any past rowing experience participated as nonprofessionals (Table 1 ). The experiment was conducted after the participants voluntarily signed the consent form based on their sufficient understanding of the goals and methods of the experiment.
Equipment & methods
Prior to the experiment, the participants' height, weight, leg length, thickness of knee joint as well as ankle, shoulder, and elbow, and ankle joints were measured, and 14 mm spherical reflective markers were attached to the subject and the rowing ergometer (Model D, Concept2, US) in order to collect 3-D image data of the upper and lower limb segment. The attached markers are the Plug-In-Gait Full Body Marker Set from Vicon, and a total of 35 markers were used in the following areas: over the left and right temple, horizontal plane of the forehead, 7th cervical vertebra, 10th thoracic vertebra, jugular notch, xiphoid process, middle of the right scapula, the left and the right acromioclavicular joint, lateral epicondyle approximating the elbow joint, styloid process of the radius, styloid process of the ulna, proximal 3th metacarpal bone, anterior superior given between the trials to minimize any effect due to exhaustion.
Data analysis
In order to analyze the collected data, one stroke was defined as from a catch moment that the blade is positioned in the very front to the next catch moment ( Figure   1 ), and five continuous strokes were selected among the recorded 20 strokes, with a total of 15 strokes per rate per subject.
Based on the collected data, kinematic variables of the spine joint, the elbow joint, the hip joint, and the knee joint were analyzed on the sagittal plane using the Vicon Plug-In-Gait Full Body model.
In cases of the hip joint, knee joint, and elbow joint, 
III. RESULTS
The results of the angles and times regarding the kinematic variables of the spinal joint, the elbow joint, the hip joint, and the knee joint on the sagittal plane of the professional and the non-professional rowers are summarized in Table 2 , 3, 4, and 5.
Joint angle (Minimum Angle [MIN], Maximum Angle [MAX], Range of Motion [RoM])
At the rate of 20 and 30 strokes/min, the minimum angle of the hip joint, the knee joint, the spinal joint, pelvis, and thorax showed significant differences between the professionals and the non-professionals (p < .05), but no difference was seen in the elbow joint angle. At the highest rate of 40 strokes/min, a significance difference was seen in the hip joint, the elbow joint, thorax, and pelvis, but not in the knee joint or the spinal joint.
At the rate of 20 stroke/min, the maximum angles of the knee joint, the elbow joint, the spinal joint, and thorax showed significant differences (p < .05) between the professionals and the non-professionals, but not in the hip joint or the pelvis. At the rate of 30 stroke/min, the elbow 
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Korean Journal of Sport Biomechanics joint, the thorax, and the spinal joint showed significant differences in maximum angle, but not the hip joint, the knee joint, or the pelvis. At the rate of 40 stroke/min, a significant difference was observed in the hip joint, the knee joint, and the elbow joint (p < .05), but not in the thorax, the pelvis, and the spinal joint.
The range of motion was significantly higher for professionals in the hip joint, the knee joint, the elbow joint, the spinal joint, the thorax, and the pelvis at the rate of 20 stroke/min (p < .05). At 30 stroke/min, a significant difference was seen in the hip joint, the elbow joint, the thorax, and the pelvis (p < .05), but no difference was seen in the knee joint and the spinal joint. At 40 stroke/min, the hip joint, the knee joint, the thorax, and the pelvis showed significant differences (p < .05), but not the elbow joint nor the spinal joint.
Stroke time and drive time
When given three standard rates of 20 stroke/min (40 bpm), 40 stroke/min (60 bpm), and 60 stroke/min (80 bpm) using a metronome, the results in time for one stroke and one drive between the professional and non-professional groups are described in Table 3 . At 20 stroke/min, the pro- 
Speed of motion
Using RoM and drive time of professionals and nonprofessionals, the angular speed for each joint during drive was calculated and compared between the groups.
Professionals displayed faster angular speed than non- 
Sequence of motion
To examine the sequence of motion for each joint, Table   4 displays the time required for the spinal joint, the hip joint, or the knee joint to reach the maximum extension 28 Jin-Sun Kim, et al. Table 4 describes the CV for the angulate speed for each joint to examine the synchronicity between the two subjects the in professional and non-professional groups.
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Synchronicity of motion
Duration of knee extension
It was observed that the professionals maintained the 
IV. DISCUSSION
This study examines the kinematic movement of the upper and the lower limb joints during rowing movement of professional and non-professional rowers at three different rates. Between the professionals and the nonprofessionals there was a significant difference in the maximum flexion/extension, and the range of motion (RoM) for each joint was significantly higher for professionals in all joints at the rate of 20 stroke/min; in the hip joint, the elbow joint, the thorax, and the pelvis at the rate of 40 stroke/min; and in the hip joint, the knee joint, the thorax, and the pelvis at the rate of 60 stroke/min. The stroke time of the two groups was similar, but the drive time for professionals was 35.61% higher and relatively consistent, but for non-professionals the range of change was rather wide with an 80% increase in drive time (T Drive ). The sequence of each joint reaching the maximum flexion/extension was also different between the groups, but no consistency was found as the rate changed. However, the duration of maximum extension of the knee joint was significantly higher in professionals.
Time for performing one stroke (T stroke ) was similar between the groups with a difference of less than 0.1 s.
Also, the drive time was short in professionals, and as the rate increased, professionals showed less decrease in the drive time than non-professionals, indicating that profes- (Table 2) , with a faster moving speed per unit time than non-professionals (Table   4 ). In particular, as shown in Table 2 , professionals showed a range of motion for the hip joint that is larger than a significantly small minimum angle. It is hard to directly measure the amount of power transferred to the lower limb joint during the rowing movement, but in the case of squat motion and vertical jump motion that have a similar range of motion of the lower limb joint, more power can be applied as the angle of the lower limb joint becomes larger (Lee, Han, Kim, Oh, Cho, & Yoon, 2015) and because a larger movement occurs in the hip joint than in the ankle or knee joint, (Flanagan, Salem, Wang, Sanker, & Greendale, 2003; Chiu & Salem, 2006; , Kim & Eun, 2009 ) the large range of motion of the hip joint during the stroke and the large flexion of the hip joint at the catch moment means that the total amount of power transferred to the feet is larger (Buckeridge et al., 2015) . Therefore, with these movements of the joint, professionals can apply more power and accelerate the boat.
With the assumption that the professionals will display a sequential joint movement to perform the optimal motion for rowing, the time to maximize the range of motion for each joint was calculated and arranged, but there was no specific pattern for any of the groups (Table 4) . However, when the drive time and synchronicity of the joint angular speed of the two subjects in each group was confirmed by obtaining its CV, drive time was quite consistent in both groups, but the angular speed was more synchronized for professionals in all joints except for the hip joint and the knee joint. Professionals were more synchronized than the non-professionals in relative comparisons, too. Moreover, during the drive stage when the knee gets flexed and the upper body leans back, the duration of maximum extension of the knee joint was twice as high for the professionals (Table 5 , Figure 3 ). These movements transfer all of the power of pressing the paddle with the legs to the blade, minimize the loss of power, and therefore apply more power.
Based on the characteristics of the professionals' performance of rowing motions, similar experiments can be performed with additional professional rowers to understand optimal joint movement pattern. Harmonious movements of joints are an importance factor in rowing motions and therefore future studies need to be performed.
V. CONCLUSIONS
This study compared the kinematic characteristics of the upper and the lower limb joints during the rowing movements of professional rowers to that of non-professionals.
The maximum flexion/extension angle and the range of motion (RoM) of each joint between professionals and non-professionals showed significant differences. Stroke time was similar in both groups. However, professionals showed a short drive time and faster angular speed in all joints during the drive when compared to the nonprofessionals. The sequence for each joint to reach the maximum flexion/extension was also different between the groups, but no consistency was revealed as the rate changed. However, the professionals show a relatively higher synchronicity of the moving speed of each joint, and the duration of maximum extension of the knee joint was significantly higher.
The results of this study will allow sports scientists and field coaches to provide feedback on optimum rowing motions for non-professional rowers, and provide accurate information for training. They are also expected to be utilized as basic data in implementing smart clothing and wearable systems that can be applied in practical trainings.
